The plant secondary cell wall is the major source of lignocellulosic biomass, a renewable energy resource that can be used for bioethanol production. To comprehensively identify transcription factors (TFs), glycosyltransferase (GT) and glycosyl hydrolase (GH) involved in secondary cell wall formation in rice (Oryza sativa), co-expression network analysis was performed using 68 microarray data points for different rice tissues and stages. In addition to rice genes encoding orthologs of Arabidopsis thaliana TFs known to regulate secondary cell wall formation, the network analysis suggested many novel TF genes likely to be involved in cell wall formation. In the accompanying paper (Hirano et al.), several of these TFs are shown to be involved in rice secondary cell wall formation. Based on a comparison of the rice and Arabidopsis networks, TFs were classified as common to both species or specific to each plant species, suggesting that in addition to a common transcriptional regulatory mechanism of cell wall formation, the two plants may also use species-specific groups of TFs during secondary wall formation. Similarly, genes encoding GT and GH were also classified as genes showing species-common or species-specific expression patterns. In addition, genes for primary or secondary cell wall formation were also suggested. The list of rice TF, GT and GH genes provides an opportunity to unveil the regulation of secondary cell wall formation in grasses, leading to optimization of the cell wall for biofuel production.
Introduction
To ensure the availability of sustainable energy supplies, bioethanol (BE) production from plant biomass is rapidly increasing. Lignocellulosic biomass, which is mainly composed of the secondary cell wall, is the most abundant plant material on earth; therefore, lignocellulosic biomass should be exploited for BE production.
To produce BE from lignocellulosic biomass, cellulose within the cell wall must first be converted into glucose, a process termed saccharification. However, this process is difficult and costly, because cellulose forms a complex structure comprising hemicellulose and lignin, which hampers commercialization of BE production from lignocellulosic biomass. To overcome this problem, the cell wall structure could be modified to make it suitable for saccharification. Most energy crops belong to the grasses, which possess unique cell wall constituents (Vogel 2008) ; therefore, it is important to understand the structure of grass cell walls and how they are developmentally regulated.
In contrast, various components essential for cell wall formation have been identified in dicotyledonous Arabidopsis. Cellulose synthases (CesAs) are enzymes responsible for cellulose synthesis, of which CesA1, 3 and 6 synthesize primary cell wall cellulose and CesA4, 7 and 8 synthesize secondary cell wall cellulose (Arioli et al. 1998 , Fagard et al. 2000 , Scheible et al. 2001 , Desprez et al. 2002 , Persson et al. 2007b , Turner and Somerville 1997 , Taylor et al. 1999 . IRXs and FRAs are components involved in secondary cell wall formation and are the causal proteins of mutants showing irregular xylem (irx) or fragile fiber (fra) phenotypes: 19 such factors have been identified so far (Turner and Somerville 1997 , Taylor et al. 1999 , Jones et al. 2001 , Szyjanowicz et al. 2004 , Bauer et al. 2006 , Persson et al. 2007a , Peña et al. 2007 , Brown et al. 2007 , Jensen et al. 2011 , Burk et al. 2001 , Zhong et al. 2002 , Hu et al. 2003 . In addition to these components, transcription factors (TFs) that regulate secondary wall formation have been extensively studied and !20 have been identified (Kubo et al. 2005 , Mitsuda et al. 2005 , Zhong et al. 2006 , 2008 , Ko et al. 2007 , Zhao et al. 2008 , McCarthy et al. 2009 , Ohashi-Ito et al. 2010 . Through the works of the Ye groups and others, it is now apparent that there is a hierarchy of TFs for secondary cell wall formation in Arabidopsis (McCarthy et al. 2009, Demura and Ye 2010) . SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN 1 (SND1), NAC SECONDARY WALL THICKENING PROMOTING FACTOR 1 and 2 (NST1 and NST2) and VASCULAR-RELATED NAC DOMAIN 6 and 7 (VND6 and VND7) are all NAC-type TFs and are considered key switches for activating a cascade of downstream TFs, including MYB, NAC (SND2 and SND3) and homeodomain (HD)-containing protein (KNAT7) (Mitsuda et al. 2007 , Zhong et al. 2008 , Ohashi-Ito et al. 2010 . Several MYB-type TFs, which function at the middle class in the hierarchy of TFs for secondary cell wall formation, can directly regulate the transcription of cell wall biosynthesis genes (Zhong et al. 2008 ).
In rice (Oryza sativa), a model plant of grasses, OsCesA1, 3 and 8 are implicated in primary cell wall synthesis (Wang et al. 2010) , whereas OsCesA4, 7 and 9 are secondary wall CesAs (Tanaka et al. 2003) . Rice mutants corresponding to Arabidopsis irx and fra are classed as bc mutants, which show a brittle culm phenotype caused by secondary cell wall defects. To date, OsCesA4, 7 and 9, glycosylphosphatidylinositolanchored protein, glycosyltransferase (GT), dynamin, kinesin and chitinase-like protein have been identified as the causal factors of bc (Tanaka et al. 2003 , Y. Zhou et al. 2009 , Hirano et al. 2010 , Xiong et al. 2010 , Kotake et al. 2011 , Wu et al. 2012 ). In addition, complementation of the Arabidopsis snd1/nst1 double mutant by some rice NAC-type TFs and the Arabidopsis myb46/myb83 double mutant by OsMYB46 (Zhong et al. 2011) suggests that, at least in part, a similar regulation system exists in rice and Arabidopsis.
To date, expression pattern profiling in plants has identified factors or candidates involved in cell wall formation (Ehlting et al. 2005 , Brown et al. 2005 , Mitchell et al. 2007 , Oikawa et al. 2010 , Bosch et al. 2011 , Ruprecht et al. 2011 . However, our knowledge of rice factors remains poor, particularly for TFs that regulate rice secondary wall formation, on which there has been only one report (Zhong et al. 2011) . Given that Arabidopsis secondary wall formation is regulated by a hierarchical network of TFs, a comprehensive understanding of the regulation of secondary wall formation in rice will require identification of the TFs involved. To achieve this, it is necessary to verify each candidate gene by analyzing its over-expressing or down-regulated transgenic plant, which is a time-consuming and laborious work, making accurate target selection essential. In this study, we created rice and Arabidopsis co-expression secondary cell wall networks and a phylogenetic tree for efficient target gene selection of TFs, GTs and glycosyl hydrolases (GHs). In the accompanying paper (Hirano et al.) , through creating transgenic plants, we provide further evidence that several of the rice TFs appearing in the network are involved in secondary cell wall formation. The present study demonstrates that co-expression analysis of secondary cell wall networks is an efficient method for the identification of candidate genes of interest. Such an approach should be applicable not only in the search for genes regulating secondary cell wall formation, but also for identifying factors involved in various biological processes.
Results

Microarray data used for co-expression analysis
For comprehensive understanding of cell wall formation in rice, a co-expression network analysis was performed using 68 rice microarray data points. These included public data from 48 tissue and organ types representing the entire growth and developmental cycle of rice (48 data points, Supplemental Table 1 , Sato et al. 2011 ). In addition, RNAs were extracted from various parts of rice internodes at defined developmental stages (20 data points, Fig. 1 and Supplemental Table 1 ). The rice internode is a suitable organ for studying secondary cell wall formation, because the timing of its appearance and elongation occurs predictably during development (Hirano et al. 2012) . In detail, cell division first occurs at the basal divisional zone (DZ) of the internode (Fig. 1b) , followed by elongation of cells adjacent to the DZ (elongation zone, EZ). After cell elongation has ceased, the secondary cell wall accumulates at the maturation zone (MZ), resulting in a gradient of developmental stages from the lower to the upper part of the internode (Fig. 1d , note that the secondary wall accumulates most abundantly in the MZ). Samples were collected from the entire third or fourth internode at 17 days before heading (Fig. 1a , a premature stage before secondary wall formation), from the DZs, EZs and MZs of internodes at 8 days and 1 day before heading, and at 6, 13 and 35 days after heading (selected light and electron microscopy cross sections are shown in Fig. 1c-f and Fig. 1g, respectively) . Secondary cell wall development differs by developmental stage of the internodes and across positions (e.g. the DZ, EZ and MZ) of internodes at the same stage.
In addition, RNA extracted from internodes 6 days after heading from the cellulose-deficient mutant, bc1, with abnormal secondary cell wall formation, was also included in the analysis , Fig. 1e and Supplemental Fig. 1 ). Co-expression analysis of the Arabidopsis cell wall was also performed using publicly available microarray data (see the Materials and Methods section).
Screening of rice TF genes associated with secondary cell wall formation
To identify TFs involved in rice secondary cell wall, we first created the secondary cell wall network of Arabidopsis as a control. AtCesA4, 7 and 8, CINAMMYL ALCOHOL DEHYDROGENASE-D (CAD-D), CAFFEIC ACID/5-HYDROXYFERULIC ACID O-METHYLTRANSFERASE (COMT), IRX6 and IRX9 were selected as guide genes (Supplemental Table 2 ). AtCesA4, 7 and 8, and IRX6 and IRX9 have been shown to function during secondary cell wall formation (see the Introduction), whereas CAD-D and COMT are enzymes responsible for lignin biosynthesis (Taylor et al. 1999 , Sibout et al. 2005 , Goujon et al. 2003 , Brown et al. 2005 , Bauer et al. 2006 . A suitable threshold for creating the network was determined by adapting various mutual rank (MR) cutoff values from MR5 to MR55 (a lower MR value indicates a more strict threshold). MR was developed as a new measure of gene co-expression, which is calculated as the geometric mean of the The approximate areas observed in electron microscopy are circled in red in the upper panels of (c-f). Bar = 2 mm. Stages are defined as days before heading (À) or days after heading (+). The bc1 mutant at 6 days after heading was also included in the analysis (e, right panel) and shows reduced secondary cell wall accumulation compared with wild-type rice of the same stage (e, left panel). correlation rank of gene A to gene B and of gene B to gene A (Obayashi et al. 2009 ). Among the 20 TF-encoding genes already known to regulate secondary cell wall formation (McCarthy et al. 2009, Supplemental Fig. 2b) , 17 appeared at an MR lower than MR30, whereas VND7 only appeared at MR55. Although lower mutual values do not always correspond to high correlations, since VND7 is regarded as one of the master regulators of secondary cell wall formation (Kubo et al. 2005) , we decided to use MR55 as a cutoff value when creating the network (Supplemental Fig. 2a , only the TF, GT, GH and lignin biosynthesis genes are shown in large nodes). Within the created network, many of the IRX genes and lignin biosynthesis genes appeared. For example, IRX7, 8, 10 and 14, which all participate in glucuronoxylan synthesis, were present, as was CAD-C, which functions in lignin biosynthesis (Sibout et al. 2005) . Many novel TFs were also identified in this Arabidopsis network (Supplemental Table 3 ).
The rice secondary wall network was then created using the same threshold value (MR55 cutoff) as the Arabidopsis network. Expression profiles of TF genes that appear in the network are shown in Supplemental Figs. 3-6. When the rice secondary cell wall network was created using orthologs of the Arabidopsis genes mentioned above (Supplemental Table 2 and Fig. 2a , Tanaka et al. 2003 , Zhang et al. 2006 , Xu et al. 2009 , Oikawa et al. 2010 , 16 of 18 genes corresponding to orthologs of Arabidopsis secondary wall TFs appeared (Fig. 2b, green circles) . MYB46 and MYB83 orthologs were absent in the rice microarray plate (grey circles). Although the AtMYB46 ortholog (Os12g0515300) was not present in the rice microarray plate, microarray data from another database (http://www.ricearray.org/expression/expression.php) shows that the gene is highly expressed in the stem after the heading stage (data not shown), which is similar to the expression of secondary cell wall CesA genes. Thus, there is a possibility that Os12g0515300 is a functional ortholog of AtMYB46, although further investigation is necessary. Similar to the Arabidopsis network, many novel TF genes were also observed in the rice network (Fig. 2a , only the TF, GT, GH and lignin biosynthesis genes are shown in large nodes and Table 1 ). When the rice and Arabidopsis TF genes were compared ( Table 2) , there was a similar trend in the distribution of TF families in both plants, i.e. MYB-and NAC-type TFs were the most abundant in these networks.
A phylogenetic analysis of TF genes that frequently appeared in the rice and Arabidopsis networks (hereafter referred to as cell wall-associated genes) was then performed. In the tree of the MYB family (Fig. 3) , many Arabidopsis and rice cell wallassociated genes were in same clades (Fig. 3 , thick red lines), including clades containing previously identified Arabidopsis genes: MYB58/63, MYB103/83/46, MYB20/43, MYB42/85, MYB55/61 and MYB52/54/69 (black square boxes) (J. , 2008 , Newman et al. 2004 . For example, the clade containing Arabidopsis MYB58/63 (red dots in the MYB58/63 clade) also contained two rice genes, Os02g0695200 and Os04g0594100 (green dots). In addition to clades containing previously reported Arabidopsis MYBs, other clades contained novel MYBs from both the rice and Arabidopsis networks (e.g. MYB7/32 and two examples in a MYB-related family). These genes represent good candidates for novel TFs involved in secondary wall formation of rice and Arabidopsis.
In the NAC phylogenetic tree ( Fig. 4a) there are five clades containing both rice and Arabidopsis cell wall-associated TFs (thick red lines), including clades containing previously reported Arabidopsis genes, such as SND1 and SND2 (black square boxes) (Zhong et al. 2006 , 2008 , Mitsuda et al. 2007 ). Interestingly, the VND clade (thick blue line) contained only Arabidopsis cell wall-associated TFs, VND4 to VND7 (Kubo et al. 2005 ), but no rice TFs, even though the clade contains rice homologs. On the other hand, three clades were unique to rice (thick green lines). Consequently, three types of clades are found: clades containing TFs from both plants and clades containing TFs from only either Arabidopsis or rice. This suggests that some clades are shared between the two plants, while others may represent TFs that are specific to each plant.
In the HD-containing family ( Fig. 4b ), Arabidopsis KNAT7 is the only TF for secondary wall formation so far reported (circled in red) (Zhong et al. 2008) . In our analysis, we found four clades shared by rice and Arabidopsis (including the KNAT7 clade) and one clade specific for rice (thick green line). In the bZIP family (Supplemental Fig. 7a ), there are two clades containing rice and Arabidopsis genes (thick red lines) and two ricespecific clades (thick green lines). In the C2H2 family (Supplemental Fig. 7b ), there is one clade containing genes from both plants (thick red lines), two clades specific for Arabidopsis (thick blue lines) and one for rice (thick green line).
The entire set of rice and Arabidopsis TF genes in the networks are listed in Table 1 and Supplemental Table 3 , respectively. Among the 123 cell wall-associated TFs in the rice network, 66 belonged to clades containing Arabidopsis cell wall-associated TFs, whereas 57 were specific to the rice network (indicated as 'rice and Arabidopsis' and 'rice specific' in the right-hand column of Table 1 ). Many TFs belonging to MYB (18 out of 21), HD (10 of 14) and APETALA2 (AP2; 9 of 10) are shared between rice and Arabidopsis, whereas TFs belonging to C2C2 (6 of 8), BASIC HELIX LOOP HELIX (bHLH; 5 of 7) and SQUAMOSA BINDING PROTEIN (SBP; 4 of 4) represent rice-specific genes. These groups may have important roles in regulating cell wall formation in rice, but not in Arabidopsis.
GTs involved in cell wall biosynthesis
We also created a primary cell wall network using four genes involved in primary cell wall formation as guides (AtCesA1, MUR3, XXT5 and GAUT1 for Arabidopsis, and their rice orthologs; Supplemental Table 2 ). The threshold cutoff value was set as MR55, identical to the secondary cell wall network. MUR3 and XXT5 encode genes for xyloglucan biosynthesis, whereas GAUT1 encodes a galacturonosyltransferase responsible for pectin biosynthesis (Madson et al. 2003 , Zabotina et al. 2008 , Sterling et al. 2006 . Fig. 2 Co-expression network of rice created using secondary cell wall-associated genes (OsCesA4, 7 and 9, BC1, CAD2, COMT and homologs of AtIRX9) as guides. (a) Nodes of secondary cell wall CesAs are in red. Only the genes encoding GTs, GHs, lignin biosynthesis enzyme homologs (Supplemental Table 4 ) and TFs are shown in the network (yellow, blue, orange and green nodes, respectively). For GTs and GHs, the group family numbers are depicted according to their classification in the CAZy database (http://www.cazy.org/). Based on the Pearson correlation coefficient as a measure of co-expression, a mutual rank of <55 was calculated and used for creation of the network. See the Materials and Methods section for details of the network. (b) Appearance of rice homologs of Arabidopsis secondary wall-associated TFs in the rice secondary wall network (green circles in panel a) (adapted from McCarthy et al. 2009 ). Rice orthologs of MYB46 and MYB83 are absent in the microarray data (grey color). We then created a GT phylogenetic tree. Within the tree, primary cell wall network genes are marked by circles after the accession number (light blue for rice and light green for Arabidopsis) and secondary cell wall network genes are marked by circles (dark blue for rice and red for Arabidopsis) preceding the accession number (Supplemental Fig. 8) . The expression profiles of the GT genes that appear in the network are shown in Supplemental Figs. 9-11. GTs are a large family of enzymes that participate in the biosynthesis of carbohydrates and glycoconjugates, including cell wall components, and can be further classified from GT1 to GT94 according to the nomenclature proposed in the CAZy database (http:// www.cazy.org/GlycosylTransferases.html). Supplemental Fig. 8 shows that there are many clades containing both primary and secondary cell wall-associated GTs from both rice and Arabidopsis. There are also some clades preferentially containing either primary or secondary cell wall-associated genes (e.g. light blue and orange thick lines, respectively), as well as some preferentially containing either rice or Arabidopsis cell wall-associated genes (see Fig. 5 for detail).
We next analyzed in greater detail those clades showing characteristic expression patterns (dark blue lines in Supplemental Fig. 8) (Fig. 5) . We first focused on four clades (GT47, GT43, GT8 and GT61), which synthesize glucurono(arabino)xylan (Fig. 5a) . Within the GT47 and GT43 clades there are eight Arabidopsis GTs and one rice GT known to synthesize the xylan backbone (IRX7, F8H, IRX10, IRX10L and OsIRX10 in GT47, and IRX9, IRX9L, IRX14 and IRX14L in GT43; Bauer et al. 2006 , Peña et al. 2007 , Brown et al. 2007 , Wu et al. 2010 , Chen et al. 2012 . The genes encoding all nine GTs appeared in the network, with the exception of IRX9L and IRX14L, which are reported to have only a minor role in xylan backbone synthesis (Wu et al. 2010 ). There are also three rice cell wall-associated GTs in clade GT47 (Os01g092640, Os01g0926600 and Os10g0180000) and five in clade GT43 (Os01g0675500, Os05g0559600, Os06g0687900, Os05g 0123100 and Os03g0287800) that are likely to be good candidates genes for xylan backbone synthesis, as was also suggested from the work by Oikawa et al. (2010) . Clade GT8 (the bottom clade in Fig. 5a ) contains genes encoding Arabidopsis GUX1-3 and two rice cell wall-associated genes that appeared in the network. GUX1-3 are known to add glucuronic acid and 4-O-methylglucuronic acid branches to xylan , Lee et al. 2012 . Again, these two rice genes represent good candidates for glucurono (arabino)xylan biosynthesis in rice. In the GT61 clade (the far right clade in Fig. 5a ) there were many rice cell wall-associated GTs, but only one for Arabidopsis (AT3G57380). In this clade, OsXAT2 and OsXAT3 are known to add arabinose residues to the xylan backbone to produce arabinoxylan in rice (Anders et al. 2012) , whereas OsXAX1 catalyzes the transfer of xylosyl residues to arabinoxylan ). There are many new rice cell wall-associated genes in this clade and thus those may participate in arabinoxylan synthesis in rice. Since rice contains arabinoxylan but Arabidopsis does not, AT3G57380 may have a function different from that of OsXAT2/3 and OsXAX1.
We next focused on the GT2 clade, which was divided into two families (OsCslF and OsCslH, Fig. 5b ). The enzymes within both families synthesize b-(1,3),(1,4)-glucan (Burton et al. 2006 , Doblin et al. 2009 ). Our rice network contained two genes already defined as OsCslH family members and three defined as OsCslF members. In contrast, despite containing 12 Arabidopsis genes, none of these were cell wall associated, which corresponds to the lack of b-(1,3),(1,4)-glucan in the Arabidopsis cell wall (Vogel 2008) .
In the GT34 clade (Fig. 5c) , Arabidopsis XXT1, XXT3 and XXT5 were primary cell wall associated and are already reported to synthesize xyloglucan (Cavalier et al. 2008, Vuttipongchaikij Fig. 3 Phylogenetic tree of Arabidopsis and rice MYB-type TFs. The tree was created by the maximum parsimony (MP) method and using the close neighbor interchange on random trees MP search method. Dots preceding the accession number (rice in green and Arabidopsis in red) indicate genes encoding MYB and MYB-related TFs that appear in the secondary cell wall network. Thick red lines indicate clades containing both rice and Arabidopsis secondary cell wall-associated TFs, whereas the rice-specific clade is marked by a thick green line. Black squares indicate clades containing MYBs that have been previously shown to regulate Arabidopsis secondary cell wall formation. Fig. 4 Phylogenetic trees of Arabidopsis and rice NAC and HD TFs. The trees were created by the same method used for MYB TFs. Dots preceding the accession number (rice in green and Arabidopsis in red) indicate genes encoding NAC and HD TFs appearing in the secondary cell wall network. Thick red lines indicate clades containing both rice and Arabidopsis TFs, whereas those specific for rice are in thick green and those for Arabidopsis are in thick light blue. (a) The three rice accession numbers with red circles are genes that have been shown to complement the Arabidopsis snd1/nst1 double mutant (Zhong et al. 2011) . (b) Arabidopsis KNAT7, which is known to regulate secondary cell wall formation, is marked with a red circle. et al. 2012), a cell wall component that predominantly accumulates in the primary wall. Two rice GT34 genes were also primary cell wall associated, raising the possibility that these rice GTs function in xyloglucan synthesis. Apart from the clades with genes already reported to have roles in cell wall formation, several clades comprising only GTs of unknown function showed some characteristic expression patterns (Fig. 5d , see the Discussion). 
GHs involved in cell wall biosynthesis
GHs are enzymes responsible for the hydrolysis of carbohydrates. Similar to GTs, cell wall-associated GHs were clustered into clades (Supplemental Fig. 12) , with some preferentially containing either primary or secondary cell wall-associated genes, or preferentially containing either rice or Arabidopsis cell wall-associated genes (see also Fig. 6 ). Expression profiles of GH genes that appear in the network are shown in Supplemental Figs. 13-15 .
When we focus on clades containing previously reported GHs, the GH9 clade contained one Arabidopsis (KORRIGAN) and one rice GH that appear in both the primary and secondary Fig. 6 Cell wall-associated GHs. Magnified view of GH phylogenetic tree shown in Supplemental Fig. 12. (a and b) Clades that include GHs that have suggested roles in cell wall formation (cellulose biosynthesis or assembly and loosening or integration of xyloglucan). (c) Clades that contain no GHs of known function. Putative functions written after each GH family number are from the CAZy database. Genes encoding GHs that appear in the secondary cell wall network are marked by circles (rice in dark blue and Arabidopsis in red). Those that appear in the primary cell wall network are marked by circles (rice in light blue and Arabidopsis in green). cell wall networks (Fig. 6a) . KORRIGAN possesses endo-1,4-bglucanase activity and the mutant shows a typical primary cell wall cellulose-deficient phenotype of swelling root (Zuo et al. 2000 , Sato et al. 2001 ). This clade also contained OsGLU1, whose mutation induces a slight reduction in cellulose content (Zhou et al. 2006 ), but did not appear in the primary or secondary cell wall network. For the GH19 clade there was one rice (BC15) and one Arabidopsis (CTL1) GH, which are associated with both the primary and the secondary cell wall, whereas CTL2 appeared only in the secondary cell wall network. Rice BC15 and Arabidopsis CTL1/2 are implicated in cellulose synthesis and/or cellulose assembly (Sánchez-Rodríguez et al. 2012 , Wu et al. 2012 ). The GH16 clade (Fig. 6b) contained one rice and three Arabidopsis GHs associated with the primary cell wall network. This clade consists of a group of xyloglucan endotransglucosylase/hydrolases, which are proposed to function by loosening the cell wall through hydrolyzing xyloglucan or to integrate newly synthesized xyloglucan into the cell wall (Rose et al. 2002 ). In accordance with the fact that xyloglucans are mostly found in the primary walls of rice and Arabidopsis but little in secondary cell walls (Vogel 2008) , there were no secondary cell wall-associated GTs in this clade.
There were also many clades constituted exclusively of GHs with unknown or putatively suggested function (Fig. 6c) . For example, the GH51 clade contains one Arabidopsis (ARAF1) and two rice secondary cell wall-associated GHs of unknown function. ARAF1 has been implicated in hydrolyzing arabinancontaining pectins as substrates (Chávez Montes et al. 2008 ). The GH10 clade contains XYN1, a putative xylanase (Suzuki et al. 2002) , and one Arabidopsis and three rice functionunknown secondary cell wall-associated genes. The GH9 clade contained only secondary cell wall-associated GHs of Arabidopsis and rice, whereas the GH5 clade was specific for Arabidopsis secondary wall-associated GHs. This clade contains putative endo-b-mannanases, which is consistent with the proportions of mannans and glucomannans in Arabidopsis (3-10%) and rice (trace amounts) cell walls. In contrast to GH5, GH1 and GH36 contained only rice secondary cell wall-associated GHs. The GH28 clade contained primary and secondary cell wall-associated GHs of both rice and Arabidopsis, suggesting that these genes would make good candidates for further investigation.
Discussion
Comprehensive survey of TFs involved in rice cell wall formation
This study aimed to comprehensively identify rice genes involved in secondary wall formation. Candidate genes were searched by creating cell wall networks of rice and Arabidopsis followed by comparison of the resulting genes in phylogenetic networks. For example, the MYB family contained nine clades having both rice and Arabidopsis secondary cell wall-associated genes (Fig. 3, clades shown in red lines) . Among them, six clades contained known Arabidopsis MYBs, suggesting that the networks were created with relative accuracy. Beyond these six clades, there are three clades containing rice and Arabidopsis secondary wall-associated genes that have not been previously reported. We suggest that these represent good candidate genes for involvement in secondary wall formation.
The present analysis identified 123 TFs as candidate rice secondary wall regulators, whereas only three TFs that regulate rice cell wall formation have been reported to date (Zhong et al. 2011) . Furthermore, among the 105 TFs identified in the Arabidopsis secondary wall network, 21 (20.0%) were previously demonstrated to function in secondary cell wall formation. This suggests that many TFs involved in secondary wall formation remain unreported, even in Arabidopsis. Although we cannot exclude the possibility that some important TF genes that do not appear in the network are also involved in cell wall formation (discussed below), a candidate searching approach through a co-expression network and phylogenetic plotting is a convenient strategy for primary screening, especially when knowledge of TFs related to cell wall formation is limited, as in rice. In the accompanying paper (Hirano et al.) , we have provided evidence that six of the TF genes that appeared in the rice network are involved in secondary cell wall formation.
Comprehensive survey of GTs and GHs involved in rice cell wall formation
Similar to TFs, various GT and GH genes already known to function for cell wall formation were found in the rice and Arabidopsis networks. However, many clades consisted entirely of unknown function GTs/GHs. Although it is difficult to discuss the function(s) of GTs/GHs within such clades, they are likely to be involved in cell wall formation and represent good candidates for the identification of novel cell wall GT/GH genes. For example, the GT92 and GT31-No1 clades (Fig. 5d) preferentially possess Arabidopsis and rice primary wallassociated genes, suggesting that they may function predominantly for primary cell wall formation in both plants. According to the CAZy database, GT92 family members have transferase activity and synthesize UDP-galactose; thus, these genes might be involved in providing substrate for cell wall polysaccharides.
Absence of cell wall-associated rice genes in a clade of known function Curiously, there were no rice cell wall-associated genes in the VND clade, despite the clade containing six rice homologs, including Os06g0104200 and Os08g0103900, that can functionally complement the Arabidopsis snd1/nst1 mutant (Fig. 4a , Zhong et al. 2011) . Arabidopsis VND6 and VND7 are involved in xylem vessel element formation, which consists of various biological processes, including not only secondary cell wall formation but also degradation of the cell wall and cell death (Yamaguchi et al. 2010) . Although the functions of Arabidopsis VND1 to VND5 have not been fully investigated, their gene expression patterns suggest that they may function collaboratively and/or redundantly with VND7 (Kubo et al., 2005; Ohashi-Ito et al. 2010) . On the other hand, a role in xylem vessel element formation has not been reported for SND1/ NST1/NST2. Since the approach in the present work does not necessarily identify TFs working up-stream of secondary cell wall biosynthesis genes, as their expression precedes that of secondary cell wall biosynthesis genes, this may be the reason for the absence of several VND genes. Moreover, the absence of all rice VND genes from the network further suggests that events such as degradation of the cell wall and cell death during xylem vessel element formation in rice may be less tightly associated with secondary cell wall formation as compared with in Arabidopsis. To validate this hypothesis, the organ-and stage-specific expression patterns of genes in the VND and SND1/NST1/NST2 clades were investigated using RiceXpro (http://ricexpro.dna.affrc.go.jp, Sato et al. 2011, Supplemental Fig. 16 ). All three secondary cell wall CesA genes (OsCesA4, 7 and 9) showed a very similar expression pattern, being preferentially expressed in stems, in lemmas and paleas at the late stage of flowering and in roots (Supplemental Fig. 16a) . A similar expression pattern was observed for some of SND1 clade genes (e.g. Os08g0115800 and Os06g0131700), with some differences in floral organs (Supplemental Fig. 16b) . In contrast, genes in the VND clade show a much broader expression pattern across organs (Supplemental Fig. 16c ). Such broad expression patterns of rice genes in the VND clade support the above hypothesis that degradation of the cell wall and cell death during xylem vessel element formation in rice is not as tightly associated with secondary cell wall formation as in Arabidopsis. Additionally, some GTs and GHs known to function in cell wall formation were also absent from the network (e.g. OsXAT2 and 3 in Fig. 5a and OsGLU1 in Fig. 6a ). This could be caused by a similar situation as that described for the OsVNDs. Alternatively, these GTs and GHs may participate in cell wall formation in only certain tissues or organs.
Similarity and specificity of rice and Arabidopsis secondary cell wall formation
The appearance of orthologs of Arabidopsis genes known to be associated with cell wall formation in the rice network suggests that the gene networks of cell wall formation are similar in both species. However, there are also many clades containing only Arabidopsis or rice cell wall-associated TF, GT or GH genes, which may reflect various differences between the plant cell wall components of grasses and dicot plants (Vogel et al. 2008) . It is possible that genes only found in the rice or Arabidopsis network are involved in cell wall formation events particular to each plant species. For example, with one exception (AT3G57380), GT61 contains only rice cell wall-associated genes (Fig. 5a) . In this clade, although OsXAT2 and OsXAT3 were not calculated as cell wall-associated genes, there are three genes that have been shown to be involved in arabinoxylan production (Anders et al. 2012 . Since rice contains arabinoxylan but Arabidopsis does not, the GT61 clade is useful for demonstrating the differences in the cell wall components between grasses and dicots. For the enzymes (GTs and GHs), interpreting the biological relevance of clades containing only Arabidopsis or only rice cell wall-associated genes is relatively straightforward: they may synthesize plant-specific cell wall components. It is more difficult to discuss the meaning of TF clades specific to each plant; however, since each plant has specific cell wall components (e.g. b-(1,3),(1,4)-glucan and arabinoxylan in rice), it is a reasonable hypothesis that some TFs are specifically involved in the production of Arabidopsis or rice-specific cell wall components. The VND clade in the NAC family is also not easily explained (Fig. 4a) . As discussed above, the VND clade contains only Arabidopsis cell wall-associated genes, possibly due to alternative biological function(s) of the rice orthologous genes and/or differing levels of commitment to such alternative functions between the two species (Supplemental Fig. 16 ).
Comparison to secondary cell wall co-expression analysis conducted in other studies
Up to now, several rice secondary cell wall co-expression networks have been performed (Oikawa et al. 2010 , Ruprecht et al. 2011 . Oikawa et al. (2010) used rice orthologous to Arabidopsis xylan biosynthesis GT43/47 genes as guide genes and identified 83 co-expressed genes. On the other hand, Ruprecht et al. (2011) used primary and secondary CesA genes as guide genes and created the primary and secondary cell wall network, respectively. When the numbers of co-expressed TF, GT and GH genes were compared between their study and the current study, the present study identified more co-expressed genes, which seems to arise from the different analysis conditions. Among the co-expressed genes that appeared in the studies of Ruprecht et al. and Oikawa et al. , more than half of them appeared in our network (Supplemental Table 5 ). TF, GT and GH genes that were co-expressed in their studies are listed in Supplemental Table 6 . Interestingly, out of 73 genes co-expressed in the former two studies, only seven were co-expressed in both networks. This seems to be due to different guide genes used to create the network (CesA genes and xylan biosynthesis genes, respectively). In contrast, 50 genes out of these 73 appeared in the secondary cell wall network created in this study. This may be at least partly dependent on various guide genes (CesA, xylan biosynthesis, lignin biosynthesis and BC genes) used to create the secondary cell wall network in this study.
Materials and Methods
Microarray experiments
For microarray experiments using RNA from rice internodes (Supplemental Table 1 ), an Agilent 44K rice oligoarray (Agilent Technologies, Santa Clara, CA, USA), which contains 44,000 probes, was used with the one-color method. Total RNA was isolated from the indicated tissues using an RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). Three independent biological replicates for each sample were used for microarray analysis. Fluorescent probe labeling, hybridization and scanning were essentially performed according to the manufacturer's instructions for a one-color array. Then, the hybridization signal was delineated and measured with Feature Extraction software (Agilent Technologies). All microarray data from this study have been deposited in the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE51289 (in preparation).
Co-expression network analysis
For co-expression analysis of rice, 143 publicly available microarrays deposited in the RiceXPro database were used, in addition to 59 rice internode microarray data points that we obtained experimentally (Supplemental Table 1 ). These microarray data were subjected to variance stabilization normalization using the Bioconductor 'vsn' package of the R software. The resulting normalized values were then transformed to log base 2. For co-expression analysis of Arabidopsis, 256 public spatiotemporal datasets, obtained under the Affymetrix platform using RNA from various different tissues and organs, were selected from the GEO database. All the datasets can be obtained from ftp://ftp.arabidopsis.org/home/tair/ Microarrays/Datasets/ExpressionSet_ME00319/ and http:// www.ebi.ac.uk/arrayexpress/ (Schmid et al. 2005 , Brown et al. 2005 . For normalization of these Affymetrix microarray data, we used the RMA+ method (Harbron et al. 2007 ) using the Bioconductor RefPlus package (http:// www.bioconductor.org/index.html).
A 44 K rice oligoarray slide consists of about 44,000 probes corresponding to 29,864 distinct rice genes; therefore, we calculated the Pearson correlation coefficient (PCC) values for all combinations of 29,864 unique probes to construct a co-expression network of rice. We set a PCC threshold of 0.55, corresponding to the 99th percentile of random PCC distribution, derived for 1,000 random genes (approximately 1,000*999*0.5 gene pairs). We next calculated MR values of all gene pairs with significant PCC values as another value for measuring co-expression, to further reduce the number of false-positive gene pairs. When the absolute value of MR was <55, the gene pair was considered a significant connection for the co-expression network. These calculations were conducted using R/Bioconductor software. The network vicinity was extracted by taking two steps out from a guide gene, as described by Mutwil et al. (2008) . The network was illustrated using the program Cytoscape (http://www. cytoscape.org/). The guide genes used to create the networks are listed in Supplemental Table 2 .
Protein sequence alignment and phylogenetic analysis
The deduced amino acid sequences of Arabidopsis and rice TFs, GTs and GHs were obtained from the following databases: Arabidopsis TFs, The Database of Arabidopsis Transcription Factors (http://datf.cbi.pku.edu.cn/); rice TFs, The Database of Rice Transcription Factors (http://drtf.cbi.pku.edu.cn/); GT and GHs, CAZy (http://www.cazy.org/). For those of rice ligninrelated genes, see Supplemental Table 4 , and Hamberger et al. (2007) .
Proteins were aligned using ClustalW within MEGA 5 software (http://www.megasoftware.net/) using default parameters. Trees were created by the maximum parsimony method using the close neighbor interchange on random trees MP search method.
Supplementary data
Supplementary data are available at PCP online. 
